ABSTRACT This study was conducted to determine the effects of maize naturally contaminated with aflatoxin B 1 (AFB 1 ) on growth performance, intestinal morphology, relative digestive organs weight, digestive enzymes activities, and biochemical index of intestinal development in ducks. A total of 640 ducks was blocked on the basis of sex and body weight, and then allocated randomly to 2 treatments with 20 pens per treatment and 16 ducks per pen. The experiment lasted for 5 wk, and dietary treatments included basal diet (CON) and diets with 100% of normal maize replaced by AFB 1 contaminated maize. Detectable levels of other toxins were present but only AFB 1 exceeded limits and the level of AFB 1 was 195.4 ug/kg in the contaminated maize, and ranged from 2.91 to 120.02 ug/kg in the starter diet and 2.03 to 153.12 ug/kg in the grower diet. Feeding AFB 1 contaminated diets decreased (P < 0.05) ADG and ADFI during the whole experiment, whereas F/G during d 15 to 35 and d zero to 35 was reduced (P < 0.05). The mortality of ducks fed AFB 1 contaminated diets increased (P < 0.05). Ducks fed AFB 1 contaminated diets had greater (P < 0.05) relative weights of proventriculus and gizzard on d 14 as well as the duodenum, jejunum, and ileum on d 14 and 35. Feeding AFB 1 contaminated diets increased (P < 0.05) crypt depth, villus width, and surface area in the duodenum on d 35 and villus height, villus width, and surface area in the jejunum on d 14. The activities of alkaline phosphatase and leucine aminopeptidase in the jejunum brush border together with chymotrypsin and trypsin in the pancreas increased (P < 0.05) on d 14 with the inclusion of AFB 1 contaminated maize. The jejunum villus became long and wide in ducks fed AFB 1 contaminated diets. Taken together, the feeding of maize naturally contaminated with AFB 1 caused adverse effects on growth performance and intestinal morphology, and altered digestive physiology and development.
INTRODUCTION
Mycotoxins, secondary metabolites of filamentous fungi, frequently contaminate cereal grains and cause great economic losses in global animal production (Tiemann et al., 2006) . Devegowda and Murthy (2005) reported that one of the most toxic groups of mycotoxins was the aflatoxins, produced by the fungi Aspergillus flavus and Aspergillus parasiticus. China has the largest number of ducks in the world (FAO, 2003) . Ducks, unable to efficiently metabolize aflatoxins, are considered to be the most susceptible poultry species (Iheshiulor et al., 2011) . Maize, the major energy source for ducks, is extremely susceptible to mycotoxins, especially afla-toxin B 1 (ABF 1), whose detection rate is above 82% (Ao and Chen, 2008) .
Several studies have previously demonstrated that naturally contaminated grains or purified AFB 1 can lead to aflatoxicosis, which reduces performance and immune function, alters intestinal morphology and blood profiles, and damages liver tissues in broilers (Ghahri et al., 2010; Rustemeyer et al., 2010; Magnoli et al., 2011) and ducks (Cheng et al., 2001; Bintvihok and Davitiyananda, 2002; Han et al., 2008; He et al., 2013) . The digestive tract is the first barrier against AFB 1 contaminated diets. The digestive system absorbs the AFB 1, which can damage the digestive system and its function at the same time. Sergent et al. (2008) reported that AFB 1 was biotransformed to various metabolites, especially the toxic AFB1-exo-8,9-epoxide (AFBO), which occurs in the liver and the intestinal tract. Grenier and Applegate (2013) indicated that AFBO was a potent inhibitor of protein synthesis through its interaction with DNA and RNA in poultry.
Although there have been many reports about the AFB 1 on growth performance and intestine health, little information on digestive physiology in ducks fed diets naturally contaminated with AFB 1 is available. Undoubtedly, the research about the effect of AFB 1 on the digestive physiology would be of great value. Therefore, the objective of this study is to further investigate the influences of feeding maize naturally contaminated with AFB 1 on growth performance, intestinal morphology, and digestive physiology in ducks.
MATERIALS AND METHODS

Analysis of Dietary Mycotoxin
The content of mycotoxins in the diets was measured by ELISA method (kits, Neogen Company, Lansing, MN; Microplate Reader, Model 680, Bio-Rad, Hercules, CA) according to the manufacturer's instructions. The limits for the detection assay kits were as follows: AFB 1 , 2 to 200 ug/kg; ochratoxin (OA), 2 to 25 ug/kg; T2 toxins (T-2), 0.025 to 0.25 mg/kg; fumonisins (FM), one to 6 mg/kg; deoxynivalenol (DON), 0.025 to 0.25 mg/kg; and zearalenone (ZEA), 0.02 to 0.5 mg/kg.
Experimental Design and Duck Husbandry
The Animal Welfare Committee of Southwest University of Science and Technology approved the animal care protocol used for this experiment. A total of 640 one-day-old Cherry Valley ducks with an average initial BW of 56.1 ± 0.3 g were blocked on the basis of sex and body weight, and placed in stainless steel battery brooders (2.0 × 1.0 m). All ducks were housed in an environmentally controlled facility.
This 5-week experiment consisted of 2 treatments with 20 pens per treatment and 16 ducks per pen (8 males and 8 females) in a randomized complete block design. A 2-phase feeding program was used: a starter diet from d one to 14 and a grower diet from d 15 to 35. All diets (Table 1) were formulated to meet or exceed the NRC (1994) requirements for ducks, and the dietary treatments were: control (CON) and 100% contaminated maize. Diets were fed in pellet form and feed and water were provided ad libitum throughout the experiment.
Proximate analysis of diets for dry matter (DM) and ash was carried out according to AOAC (2000) . The DM of the feed was determined after drying for 24 h at 103
• C. Ash was determined after ignition of a weighed sample in a muffle furnace (Nabertherm, Bremen, Germany) at 550
• C for 6 hours. The ash was then digested in aqua regia (HCl/HNO 3 mixture), and the solution was used for P and Ca determination. Calcium concentration was determined using an atomic absorption spectrophotometer (Varian'50, Varian, Palo Alto, CA), and the concentration of P was determined spectrophotometrically (NanoDrop 2000c, Thermo Sci- entific, Wilmington, MA) using the method of Cavell (1995) .
Sampling and Measurements
The ducks were weighed and feed intake was recorded on d one, 14, and 35, and average daily gain (ADG), average daily feed intake (ADFI), and feed conversion ratio (FCR) were calculated. Dead ducks were weighed daily, and the mortality was expressed as a percentage. The mortality percentage in the final period prior to the fifth wk was based on the number of ducks at the end of the second wk rather than at the beginning of the study.
At the end of the second wk and the experiment, 4 ducks (2 males and 2 females) were randomly selected from each pen and sacrificed by cervical dislocation. The liver, proventriculus, gizzard, pancreas, duodenum, jejunum, and ileum were removed by trained personnel and weighed after flushing with saline. Organ size was expressed as a percentage of BW.
After weighing, the samples of small intestine tissues (approximately 2 cm from the duodenum, jejunum, and ileum, respectively) were collected for determination of mucosal morphology. The tissues from the duodenum and jejunum, respectively, were cleaned with saline and then fixed in 10% neutral formalin. The fixed tissues were trimmed and embedded in paraffin for mucosal morphology and integrity. Thin sections (5 μm) were sliced and mounted on slide, and then stained with haematoxylin and eosin (H.E. stain) for histopathological examination by an optical microscope (Olympus, Tokyo, Japan) using the method by Girdhar et al. (2006) . Intestinal morphological measurements included the following 5 indices: villus height (VH), crypt depth (CD), villus width, villus wall thickness, VH:CD, and villus surface area. These indices were quantified according to Geyra et al. (2001) and Iji et al. (2001) . Mean values of VH, CD, villus width, villus wall thickness, VH:CD, and villus surface area within each segment (8 villi per bird) were calculated.
The brush border membrane vesicles from the ileum supernatant on d 14 were made according to ShiraziBeechey et al. (1991) . The activities of maltase and sucrose were determined using the method by Dahlqvist (1964) . The activities of leucine aminopeptidase and alkaline phosphatase were analyzed according to Miura et al. (1983) and Sommer (1954) respectively.
The pancreas samples on d 14, thawed on an ice tray, were weighed, and then cut up and broken with an ultrasonic cell disruptor with the addition of certain saline in the ice bath. After centrifugation, the supernatant was separated for the pancreatic enzyme activities determination. The activities of trypsin, chymotrypsin, amylase, and lipase were determined using the ELISA method (Nanjin Jiancheng Biotechnology Co. Ltd., Nanjin, China) according to the manufacturer's instructions.
The remaining duodenum, jejunum, and ileum were snap frozen and stored at -70
• C until analysis. The saved duodenum, jejunum, and ileum samples were thawed on an ice tray and then weighed. After weighing, the samples were washed and cleaned by double steaming water, then dried with filter paper. The intestinal mucosa was collected by cover glass plate with the addition of 4
• C 2 mmol/L TrisHCl (pH = 7.1), and then treated by the high-speed tissue homogenate slurry machine and centrifuged at 4,000 x g for 30 min and the supernatant was separated. The DNA and RNA content in the supernatant of the duodenum, jejunum, and ileum was extracted and determined according to Lemmens (1995) . The protein content, protein/DNA, protein/RNA, and RNA/DNA were analyzed using the method by Bradford (1976) .
Statistical Analysis
Data were analyzed by ANOVA using the t-test procedure of SAS (SAS Inst. Inc., Cary, NC) with the pen being the experimental unit. Variability in the data is expressed as the standard error of means (SEM). Probability values less than 0.05 were considered significant.
RESULTS
Mycotoxin Content of Maize and the Experimental Diets
Concentrations of various mycotoxins, as well as their regulatory guidance concentration, in the maize and di- Table 2 .
Growth Performance
During d zero to 14, ADG and ADFI in the AFB 1 treatment was reduced (P < 0.05), while the mortality was increased (P < 0.05) ( Table 4 ). The dietary treatment did not affect FCR during d 15 to 35. Ducks fed contaminated maize diets had lower (P < 0.05) ADG, ADFI, and FCR but greater (P < 0.05) death rate throughout the experiment and during d 15 to 35.
Relative Digestive Organs Weight
On d 14, feeding contaminated maize increased (P < 0.05) the relative weights of the glandular stomach, muscular stomach, duodenum, jejunum, and ileum but did not influence the liver and pancreas (Table 5 ). The relative weights of the liver, duodenum, jejunum, and ileum in the AFB 1 treatment increased (P < 0.05), whereas there were no differences in the glandular stomach, muscular stomach, and pancreas. 
Intestinal Mucosal Morphology
On d 14, the dietary treatment did not influence the villus height, crypt depth, villus width, villus wall thickness, or villus surface area in the duodenum (Table 6 ). Feeding contaminated maize increased (P < 0.05) the crypt depth, villus width, and villus surface area, while it did not affect the villus height and villus wall thickness in the duodenum on d 35. In the jejunum, the villus height and villus width increased (P < 0.05) in the AFB 1 treatment on d 14, whereas others did not differ on d 14 or 35.
Digestive Enzyme Activities
The activities of leucine aminopeptidase and alkaline phosphatase in the jejunum brush border increased in ducks fed the diet contaminated with AFB 1 (P < 0.05), while the levels of maltase and sucrose did not differ on d 14 (Table 7) . Feeding contaminated maize increased (P < 0.05) the activities of trypsin and chymotrypsin in the pancreas, but no differences were observed in amylase and lipase.
Biochemical Index of Intestinal Development
Ducks fed contaminated maize diets had higher (P < 0.05) levels of protein/RNA in the duodenum and protein/DNA in the jejunum, respectively (Table 8) . Feeding contaminated maize tended to reduce (P = 0.08) the content of RNA in the duodenum, while it increased protein/DNA in the ileum (P = 0.07). No differences were observed in protein, DNA, or RNA/DNA.
Morphology of Jejunal Villi
The intestinal mucosal in jejunum became long and wide so as to increase the villus surface area in the AFB 1 treatment (figure not shown).
DISCUSSION
Mycotoxin Content of the Diets
There are no regulatory guidance values on the FM in maize and complete diets or DON in maize of the Chinese National Standard (Beijing, P. R. China). Therefore, we cited the FM standard of the European Union (European Commission, 2006) and DON standard of the United States (FDA, 2005) . The AFB 1 content in both contaminated maize and experimental diets was well above the regulatory guidance, while other mycotoxin concentrations were below the standard regulatory guidance. Therefore, AFB 1 was considered as the main mycotoxin, which caused adverse effects in the ducks in this experiment. However, much higher con- 
Growth Performance
The adverse effects of AFB 1 on growth performance may be due to anorexia, listlessness, impaired liver function, or inhibition of protein synthesis and lipogenesis (Oguz et al., 2000; Ortatatli and Oguz, 2001 ). In the current study, the ADG and ADFI decreased by the naturally contaminated diets, which was in agreement with He et al. (2013) who reported that the growth and feed intake were depressed with increasing levels of AFB 1 (from 2 to 157 ug/kg). Similar findings were observed by other researchers (Cheng et al., 2001; Bintvihok and Davitiyananda, 2002; Han et al., 2008) who reported that purified AFB 1 (from 40 to 200 ug/kg) reduced growth performance of ducks. In agreement with our previous study (He et al., 2013) , the FCR was reduced by the naturally contaminated diets during the grower period. Similar findings also were observed in broilers fed diets containing 0.7 to 2.1 mg/kg AFB 1 (Arafa et al., 1981) . In contrast, others found that FCR was increased in response to purified 200 ug/kg AFB 1 (Khajarern et al., 2001; Bintvihok and Davitiyananda, 2002; Han et al., 2008) and naturally contaminated during the starter period (He et al., 2013) in ducks. Resanovic and Sinovec (2006) also observed the improvement in FCR in broilers fed naturally contaminated with AFB 1 44.5 ug/kg. This inconsistence on FCR may be due to AFB 1 origins (maize naturally contaminated or inoculated with purified mycotoxins), mycotoxin concentrations, species, hygiene, and environmental factors (He et al., 2013) . Therefore, this study was further conducted to focus on the effects of naturally contaminated diets on digestive physiology to explore the possible reasons. As expected, the mortality of ducks was increased, especially after d 14, which may indicate that the mycotoxicosis was chronic and accumulated (He et al., 2013) .
Relative Digestive Organs Weight
Measurement of digestive organ weights may reflect the digestive status in ducks. AFB 1 is a kind of hepatic toxin, which can cause damage to the liver and its function (Richard and Payne, 2003) . Ducks that consumed the naturally contaminated diets had higher relative weight of liver on d 35 in this study, which is inconsistent with previous studies (Khajarern et al., 2001; Bintvihok and Davitiyananda, 2002; Han et al., 2008) in ducks. After intake, AFB 1 can be absorbed quickly via the duodenum (approximately 50%), which is distributed in the liver, followed by the kidney (Bintvihok and Davitiyananda, 2002; Han et al., 2008) . AFB 1 is metabolized and conversed to AFB 1 -exo-8,9-expoxide in vivo with the action of cytochrome oxidase (CYP450) in the liver cell particles, which has the strong ability of oxidation and can produce ROS and oxidative stress to damage liver cells and lead to liver enlargement (Shen et al., 1996; Towner et al., 2002; Towner et al., 2003) . Besides, the increased relative weight of the duodenum, jejunum, and ileum on d 14 or 35 may indicate that they were mostly sensitive to the naturally contaminated diets among all the digestive organs, which may mirror the reduced FCR. Warren and Hamilton. (1980) reported that the AFB 1 had the tendency to increase the relative weight of the small intestine in broilers. This study also observed the improved relative weight of the glandular stomach and muscular stomach.
Intestinal Mucosal Morphology
The small intestinal villus is the main place for digestion and absorption in animals. Therefore, the maintenance of a healthy small intestine is vital due to the following 3 functions (described as "ménageà trois"): nutrition, immune system, and gut microbiota. The villous atrophy means that the villus absorptive cells reduces and the secretory cells increase to cause the deterioration of absorptive capacity. The crypt depth may reflect the colonization rate and the maturity of the crypt cell (Li et al., 2005) . The dietary treatment did not affect the duodenum morphology in this study on d 14, but partly influenced the duodenum and jejunum morphology on d 14 or 35, which could be mirrored by the changed intestinal mucosal in the jejunum (figure not shown). Applegate et al. (2009) found that the jejunum VH and CD were increased, while VC decreased in broilers fed AFB 1 diets (0 to 1.17 mg/kg). In contrast, AFB 1 (1.5 mg/kg) had no effect on jejunal villi histology in broilers (Chen et al., 2016a) . Wan et al. (2013) observed reduced VH and villus/crypt ratio in ducklings. In this study, the villus surface area was increased in the jejunum on d 14, which might be explained by the compensation mechanism to counterbalance the anti-nutritive effects induced by mycotoxins (Grenier and Applegate, 2013) during d zero to 14. On the other hand, the detrimental effect on the villus surface area was enlarged, reflected by the decreased villus surface area on d 35.
Digestive Enzyme Activities
The ALP is one the of typical signs of intestinal mucosa, whose content is positively associated with the differentiation and maturation degree of intestinal epithelial cells and their function (Tengjaroenkul et al., 2000) . To some extent, the activity of ALP may reflect the absorptive ability in the intestinal mucosa (Wood et al., 2003) . The improved activity of ALP in the jejunum brush border suggests that the abortive nutrients are increased in the jejunum in this study, which may mirror the reduced FCR. The increased activity of leucine aminopeptidase may reflect the damaged liver function. Applegate et al. (2009) reported the activity of maltase was improved in laying hens fed up to 1.17 mg/kg AFB 1 diets. On the contrary, we failed to observe this effect. We also found that the naturally contaminated diets improved the activity of chymotrypsin and trypsin in the pancreas. Han et al. (2008) indicated that the activities of protease, chymotrypsin, trypsin, and amylase in the duodenum chyme were increased in ducks fed 20 or 40 ug/kg AFB 1 diets. This may be due to the increased zymogen from pancreatic cells, when the pancreas is under acute or chronic stimulation, thereby improving the activity of digestive enzymes in the gut (Largmani, 1990) . Chen et al. (2016a) reported that AFB 1 (0.2 mg/kg) increased pancreatic amylase and lipase activity in Pekin ducklings, which may be due to a compensatory effect of the birds in response to lowered ADFI to meet their nutrient needs.
Biochemical Index of Intestinal Development
After the formation of the double cells, DNA content is relatively constant, whose level may reflect the change in the cell population. Protein/DNA ratio is a typical index of cell size. Protein/RNA ratio may reflect the potential for protein synthesis and actual protein synthesis rate, namely the ability of cell ribosomes translation into protein. The RNA/DNA ratio reflects the organization's vitality and the efficiency of individual cells (Iji et al., 2001; Fasina et al., 2007) . In this study, protein/RNA ratio in the duodenum was increased, indicating that the protein synthesis was strengthened. This may be explained by an increased requirement for amino acid absorption and subsequent protein synthesis during aflatoxicosis (Chen et al., 2016b) . The improved protein/DNA ratio in the jejunum and ileum may show that the intestinal musosal cells are enlarged. Chen et al. (2016b) found that mRNA expression of jejunal peptide and amino acid transporters was increased on both the brush boarder side and the basolateral side. The authors suggest that a higher mRNA production is needed to increase the translation process to restore the possible impaired protein activities by AFB 1 or AFBO. However, the exact reason was not clear in the current study and conclusions cannot be drawn just from this study.
CONCLUSIONS
Considering the data obtained herein and the above discussion, feeding contaminated maize diets used in this study caused detrimental effects on growth performance and mortality, and altered relative digestive organs weight, digestive enzymes activities, and biochemical index of intestinal development in ducks.
